The actions of recombinant human insulin-like growth factor-I (rhIGF-I) and insulin were compared in 21 healthy young (24±1 yr) and 14 healthy middle-aged (48±2 yr) subjects during 3-h paired euglycemic clamp studies using one of three doses (rhIGF-I 0.2, 0.4, and 0.8 ag/kg -min and insulin 0.2, 0.4, and 0.8 mU/kg. min, doses chosen to produce equivalent increases in glucose uptake). In younger subjects, rhIGF-I infusions suppressed insulin by 19-33%, C-peptide by 47-59% and glucagon by 33-47% (all, P < 0.02). The suppression of C-peptide was less pronounced with insulin than with rhIGF-I (P < 0.007). The metabolic responses to rhIGF-I and insulin were remarkably similar: not only did both hormones increase glucose uptake and oxidation in a nearly identical fashion, but they also produced similar suppression of glucose production, free fatty acid levels, and fat oxidation rates. In contrast, rhIGF-I had a more pronounced amino acid-lowering effect than did insulin (P < 0.004).
Introduction
IGF-I, the putative mediator of growth hormone's somatotropic effects (1) , shares considerable structural homology with insulin (2, 3) . The synthesis of IGF-I by recombinant biosynthetic techniques has provided the opportunity to test whether the hormone also has functional similarities to insulin. In vivo studies in normal rats demonstrated that intravenous infusions of recombinant human (rh)IGF-I stimulated peripheral glucose uptake and inhibited muscle protein breakdown but, unlike insulin, such infusions were unable to suppress hepatic glucose production or circulating FFA levels (4) . In humans, the scope of IGF-I's metabolic actions more closely resembles that of insulin (5) . Its plasma glucose-lowering effects are not due solely to its capacity to stimulate peripheral glucose uptake, but also result from a pronounced inhibitory effect on hepatic glucose production. In contrast to observations in the rat, rhIGF-I unexpectedly suppressed circulating FFA concentrations in humans and, much like insulin, also reduced amino acid, glucagon, and C-peptide levels. Turkalj et al. (6) have shown that, as the magnitude of the infusion dose of IGF-I increased from 0.08 to 0.5 ag/kg. min, the rate of glucose disposal increased as determined by the rate ofexogenous glucose infusion required to maintain euglycemia. However, the doseresponse effects of IGF-I on glucose kinetics were not determined nor has the dose-response pattern generated by IGF-I been compared to that produced by insulin in humans.
The present study was undertaken to examine the scope of the metabolic and hormonal responses to graded intravenous infusions of rhIGF-I and to compare these responses to those obtained with insulin doses that were standardized to produce equivalent increases in peripheral glucose uptake in healthy young adult volunteers. We also sought to determine whether the metabolic and physiologic actions of rhIGF-I are impaired in healthy middle-aged as compared to young adult subjects, as has been observed with insulin (7, 8) . This issue is particularly important because, unlike insulin, basal IGF-I levels progressively fall with aging in healthy adults (9, 10) .
Methods
Subjects. Two groups of nondiabetic subjects were recruited based on their age: group 1 consisted of subjects ranging in age from 20 to 34 yr (n = 21 ) and those in group 2 ranged in age from 40 to 65 yr (n = 14) . Clinical characteristics of the two study groups are summarized in Table I. The subjects were all within 20% ofideal body weight except for 3 of the 14 older subjects who were between 120% and 130% ideal body weight (P = NS, younger vs. older subjects). None of the subjects had any history of diabetes or impaired glucose tolerance or clinical evidence of medical illness except for one of the older subjects who had mild hypertension treated with a low-dose #l-blocker and a diuretic.
This subject discontinued his medications at least 3 d before each study. Informed, written consent was obtained before participating in the study which was approved by the Human Investigation Committee of Yale University.
Materials. rhIGF-I (kindly provided by Genentech, Inc., South San Francisco, CA), regular U100 human insulin (Novo-Nordisk, Princeton, NJ) and [6-3H] but severe, vasovagal reaction that occurred in the first subject in this age group (a 46-yr-old woman) given this dose (the high-dose studies in the young subjects were completed before this adverse reaction). Subjects were admitted to the Yale General Clinical Research Center on the morning of the study after a 10-h overnight fast. An intravenous catheter was inserted into an antecubital vein for administration of [6-3H] glucose, unlabeled glucose, and insulin (on the insulin study day) and a second catheter was inserted in a retrograde fashion into a dorsal hand vein for blood sampling. The hand was kept in a heated box (650C) to allow for arterialization of venous blood. A third intravenous catheter was inserted only on the rhIGF-I study day for separate infusion of rhIGF-I.
At the start ofthe study (-180 min), a primed-continuous infusion of [6-3H] 
Results
Effects ofrhIGF-I and insulin infusions on glucoregulatory hormones in younger subjects. Basal and steady-state ( 120-180 min) concentrations of IGF-I and insulin in response to infusion of the hormones are shown in Fig. 1 . During the rhIGF-I infusions, there was a stepwise increase in total and free IGF-I levels with each dose (0.2, 0.4, and 0.8 gg/kg min). Total IGF-I rose 2.6-, 3.6-, and 4.3-fold while free IGF-I was undetectable basally in all subjects and rose to 27±4, 71+6, and 147±7 ,ug/liter (each measurement P < 0.0001 vs. basal). Concentrations of insulin and C-peptide, on the other hand, were markedly suppressed (Figs. 1 and 2). Plasma insulin fell by 19%, 33%, and 32% (from P < 0.006 to P < 0.02) and C-peptide concentrations fell by 47%, 55%, and 59% at each successive increase in the rhIGF-I dose (from P < 0.0001 to P < 0.003).
The insulin infusions produced a stepwise elevation of plasma insulin levels by 2.1-, 3.3-, and 6.7-fold above basal values, respectively (each P < 0.0001 ), but did not alter either total or free IGF-I levels. As shown in Fig. 2 , plasma C-peptide concentrations decreased in response to the lowest (by 17%, P < 0.02) and highest (by 24%, P < 0.03) dose of insulin; however, the effect of insulin on C-peptide was less pronounced than that seen with rhIGF-I (P < 0.0001, ANOVA). Plasma levels of glucagon fell in response to both rhIGF-I and insulin: the three rhIGF-I infusions diminished glucagon levels by 47%, 36%, and 33%, respectively (from P < 0.002 to P < 0.009), and the three insulin infusions suppressed glucagon levels by 26%, 33%, and 22%, respectively, (from P < 0.003 to P < 0.02). Both rhIGF-I and insulin were equally effective in reducing plasma levels of glucagon (P = NS, ANOVA). There were no significant changes in GH levels during the rhIGF-I or insulin infusions (data not shown). Effect of rhIGF-I and insulin on fuel metabolism in the younger subjects. As designed, the matched doses of rhIGF-I and insulin in the young subjects produced equivalent stepwise stimulation of glucose uptake (Fig. 3) . Basal glucose uptake, 10 .6±0.4,gmol/kg. min, increased to 17.4±2.0,23.8±2.0, and 41.1±6.8 umol/kg. min during the rhIGF-I infusions, respectively (from P < 0.0002 to P < 0.005 vs. basal), whereas with insulin, glucose uptake increased to 17.3±2.7, 24.0±2.2, and 48.1±6. 4 Asmol/kg-min, respectively (from P < 0.0006 to P < 0.05 vs. basal). Both hormones also markedly suppressed hepatic glucose production to a similar degree: rhIGF-I decreased hepatic glucose production from 10.6±0.4 to 5.1+1.7, 1.9±2.1, and 2.9±2.0 gmol/kg-min (from P < 0.0002 to P < 0.006 vs. basal) and the three matched doses of insulin decreased hepatic glucose production to 5.0±1.3, 1.0±1.5, and 1.8±2.2 ,umol/kg -min, respectively (from P < 0.0004 to P < 0.02 vs. basal). There was no difference in the effect of the matched doses of rhIGF-I and insulin on hepatic glucose production (P = NS, ANOVA).
Concomitant with the increase in glucose uptake, carbohydrate oxidation rates were stimulated by both hormones; however, this effect did not reach statistical significance at the lowest dose of rhIGF-I: carbohydrate oxidation increased from 8.1±1.0 Amol/kg-min to 9.7±1.3 (P = NS vs. basal), 15.9±1.2 (P < 0.0002 vs. basal), and 14.8±1.7,umol/kg min (P < 0.001 vs. basal) during the three increasing doses of rhIGF-I and from 7.1±0.7 /umol/kg min to 10.3±2.0, 15.8±1.1, and 17.3±3.7 gmol/kg-min (each measurement from P < 0.002 to P < 0.03 vs. basal) during the corresponding doses of insulin. As expected, the increase in glucose oxidation was accompanied by a fall in fat oxidation. This effect was seen only at the two higher doses of rhIGF-I, but at all three doses of insulin: basal fat oxidation with either hormone was 0.7±0.1 mg/kg. min and fell to 0.6±0.1 (P = NS vs. basal), 0.2±0.1 (P < 0.005 vs. basal), and 0.3±0.1 mg/kg min (P < 0.004 vs. basal) during the rhIGF-I infusions and to 0.4±0.2,0±0.1, and 0.1±0.3 mg/kg -min (from P < 0.009 to P < 0. show a significant difference in overall ability of rhIGF-I and insulin to increase glucose oxidation and decrease fat oxidation.
As shown in Table II , rhIGF-I and insulin had stepwise dose-dependent (P < 0.03, ANOVA) suppressive effects on circulating levels of almost all of the essential and nonessential amino acids (each dose P < 0.0007 vs. basal). However, compared with insulin, rhIGF-I caused a significantly greater reduction in total and branched chain amino acid (each measurement, each dose P < 0.0002 vs. insulin, ANOVA) levels: the three increasing doses of rhIGF-I lowered total amino acid levels by 18%, 29%, and 30%, respectively and the three matched doses of insulin lowered total amino acids by 13%, 20%, and 24%, respectively. In addition, rhIGF-I decreased circulating branched chain amino acids by 28%, 46%, and 52%, at each increased dose, whereas insulin reduced branched chain amino acid levels by 25%, 32%, and 46%. Alanine, unlike other amino acids, remained unchanged throughout each of the rhIGF-I and insulin studies.
Both rhIGF-I and insulin decreased circulating FFA concentrations, although the effect did not reach significance with the lowest dose of rhIGF-I (Fig. 4) . RhIGF-I and insulin also significantly lowered blood f3-OHB levels, with the only notable exception the lowest rhIGF-I dose. There was, however, no significant difference in the overall FFA and f3-OHB response to rhIGF-I as compared to insulin.
Effects of rhIGF-I and insulin infusions in older subjects
and comparison with younger subjects. Fig. 5 shows basal IGF-I, insulin, and C-peptide levels in the older and younger subjects. Basal levels of IGF-I were strikingly lower in the older as compared with the younger subjects (72±6 vs. 129±4 ,g/liter, P < 0.0001), whereas basal insulin tended to be (98±11 vs. 81±4 pM, P = 0.097) and C-peptide was significantly higher (548±51 vs. 426±17 pM, P < 0.032) in the older subjects. The increment in total and free IGF-I levels on the other hand, was virtually identical in the older and younger subjects during each dose of rhIGF-I (Table III) . Furthermore, the rhIGF-I infusions caused similar suppression of insulin and C-peptide levels in both age groups. During the insulin infusions, there were no changes in IGF-I levels and steady-state insulin levels were comparable in both age groups at each dose. As seen in the younger subjects, rhIGF-I induced a greater fall in C-peptide levels than did insulin (P < 0.0001 ), however, no effect of age on this parameter was demonstrable. Basal glucagon levels were similar in both older and younger subjects and fell equally in response to either hormone. No consistent changes in growth hormone levels were seen in either group to any dose of either hormone (data not shown).
As shown in Fig. 6 , basal glucose uptake was similar in the older as compared to the younger subjects and rhIGF-I infusion produced a virtually identical increase in glucose uptake in both groups. In contrast, the overall stimulatory effect of both doses of insulin on glucose uptake was reduced by -20% in the older subjects (P = 0.056). On the other hand, age had no effect on the ability of rhIGF-I or insulin to suppress hepatic glucose production in either group (Fig. 7) nor could an age effect be identified for the response of plasma FFA or (3-OHB levels to both hormones, (P = NS, ANOVA).
Discussion
The present study demonstrates that rhIGF-I shares many of the metabolic actions of insulin, but highlights several specific differences. In order to facilitate such comparisons, low to moderate doses of insulin were selected to probe the low end ofthe insulin dose-response curve and they were matched with infusions of rhIGF-I designed to increase glucose uptake in a similar, dose-responsive manner in healthy young adult subjects. Because IGF-I, unlike insulin, is protein bound ( 15) the free level ofIGF-I or that fraction complexed with the small IGF binding proteins that is thought to be the biologically active component ( 16, 17) , the doses ofrhIGF-I and insulin were selected according to their observed biological effects (i.e., their capacity to stimulate glucose uptake) rather than on a molar basis. This provided a means of adequately raising free IGF-I and insulin in the face of protein binding. Therefore, while the doses of insulin and rhIGF-I were bioequivalent with respect to stimulation of glucose uptake, it should be noted that, on a molar basis, 18-fold more rhIGF-I was required to achieve similar increases in glucose disposal in this study. Similar results were obtained by Guler et al. (18) when they compared the glucose-lowering effect of intravenous boluses of the hormones. By standardizing the doses in this manner, we were able to examine relative differences in potency ofrhIGF-I and insulin on other insulin-sensitive substrates, hormones, and metabolic processes.
Concomitant with the similar increases in glucose uptake, the infusions of rhIGF-I and insulin also caused similar, dosedependent increases in oxidative and nonoxidative glucose disposal (i.e., glycogen storage). Interestingly, both hormones had greater stimulatory effects on nonoxidative compared to oxidative metabolic pathways. This is consistent with the data of Jacob et al. (4) and Zapf et al. ( 19) who showed that rhIGF-I infusions in rats effectively stimulated muscle glycogen synthesis. Unexpectedly, the inhibitory effect of both hormones on endogenous hepatic glucose production was virtually indistinguishable. Since the liver is exquisitely sensitive to insulin, it is not surprising that even the lowest dose of insulin caused a substantial suppression of hepatic glucose production that was further enhanced with the two higher doses. The similar biologic potency of even the lowest dose of rhIGF-I on hepatic glucose production is remarkable when viewed in the context of the data of Caro et al. (20) who reported that normal adult human hepatocytes are virtually devoid ofIGF-I receptors. It is possible that rhIGF-I's effect on the liver is mediated via the insulin receptor, a conclusion supported by data of Hartmann et al. (21 ) who showed that IGF-I induced insulin-like actions in cultured adult rat hepatocytes via interaction with the insu- lin receptor. Furthermore, the concentration of IGF-I to which the insulin receptor is exposed may be higher than the measured free levels because the fenestrated capillary system of the liver allows passage of IGF-I bound to IGF binding proteins (17) . Alternatively, IGF-I could be stimulating IGF-I/insulin hybrid receptors like these that have been found in HepG-2 hepatoma cells (22); however, the existence of such receptors in normal liver tissue has not been identified. Finally, it is likely that the suppression ofhepatic glucose production is, at least in part, mediated by the fall in circulating glucagon (23) . However, in as much as the decline in glucagon during rhIGF-I infusion, like that seen during somatostatin infusion, is accompanied by a reduction in portal insulin as well, the persistent inhibitory effect on the liver (which is not seen with somatostatin) implies that the phenomenon cannot be explained solely by glucagon deficiency. Whatever the mechanism, the dose-response patterns generated by rhIGF-I and insulin were equivalent not only in the periphery, but at the level ofthe liver as well.
RhIGF-I and insulin also had bioequivalent effects to reduce circulating levels of FFA and f3-OHB and fat oxidation in young subjects. Although we have previously reported that FFA levels were significantly decreased by rhIGF-I (5), it is surprising that the insulin-like effects of rhIGF-I on adipose tissue (reduction in plasma levels of FFA and in turn the decrease in fat oxidation) were only minimally different from matched doses of insulin. This is particularly remarkable since rhIGF-I simultaneously inhibited endogenous insulin secretion which would be expected to counteract rhIGF-I's effects on lipid metabolism. In vitro studies in rat (24) (25) (26) and more recently human (27, 28) adipose tissue have shown that insulin was 600-1,000 times more potent than rhIGF-I in inhibiting lipolysis; however, Kern et al. (29) have shown that rhIGF-I was 40-fold more potent than insulin in inducing lipoprotein lipase activity. It is noteworthy in this regard that some investigators have been unable to show the presence of specific IGF-I binding sites in human adipocytes (27, 30) , while others were able to do so (28) . Nevertheless, even in those studies in which specific IGF-I binding sites were identified, it appeared that IGF-I's metabolic effects occurred via stimulation of the insulin receptor in adipose tissue (26, 27) . This possibility cannot be ruled out in the present study.
Similar, but quantitatively differing effects of rhIGF-I and insulin were seen in the responses of amino acid and islet hormone levels. RhIGF-I produced a greater reduction of circulating levels of total (P < 0.007) and branched chain amino acid levels (P < 0.0002) than did insulin, despite the production of hypoinsulinemia with rhIGF-I infusion. These data suggest that rhIGF-I's effects on protein metabolism may be more pronounced than those of insulin, at least in relation to glucose metabolism. While insulin's in vivo effects on protein metabolism appear to be mediated by inhibition ofprotein breakdown (31) (32) (33) , rhIGF-I's effects on protein metabolism have been less well studied, but appear to be induced by similar mechanisms. Clemmons, Underwood, and co-workers have shown that, even in calorically restricted adult humans, rhIGF-I can improve nitrogen balance (34) and studies using labeled leucine have found an acute, inhibitory effect of rhIGF-I on protein breakdown ( showing a more pronounced effect of rhIGF-I on protein metabolism than insulin is consistent with the long-held view that rhIGF-I plays a crucial role in promoting the slower growth processes, while insulin acts mainly on the more acute metabolic processes. Nevertheless, the current data imply that the importance of IGF-I as a regulator of body fuel metabolism may have been underestimated from studies in vitro and in animals.
It should be emphasized that the observed insulin-like effects of rhIGF-I on glucose, lipid, and protein metabolism occurred concomitantly with a rapid and striking dose-dependent reduction in plasma levels of insulin and C-peptide. These effects seen with rhIGF-I were significantly greater than those seen with insulin. In addition glucagon levels were also decreased by both hormones. It is not known whether the inhibitory effect of rhIGF-I on islet cells is a direct or indirect effect, however, the presence of IGF-I receptors on pancreatic islet cells (37) would suggest that a direct effect of IGF-I is certainly possible. This view is consistent with studies using cultured rat pancreatic fi cells ( 38 ) and perfused rat pancreas ( 39 ) that have shown a direct effect of IGF-I to inhibit glucose-, glucose plus glucagon-and arginine-induced insulin secretion, that was significantly greater than that seen with insulin or IGF-II. Furthermore, an inhibitory effect of rhIGF-I on glucose-mediated insulin secretion (40) and hypoglycemia-induced glucagon secretion has recently been reported in humans (41) . The present study, in which euglycemia is maintained, indicates that even relatively small doses of rhIGF-I are able to reduce insulin and glucagon secretion even in the absence of changes in basal plasma glucose concentrations.
Interestingly, there were essentially no differences in the metabolic effects of rhIGF-I in the older as compared to the younger subjects. It should be noted that while the responses to rhIGF-I were comparable in both age groups, IGF-I levels were strikingly lower in the older subjects. While previous studies have shown that IGF-I levels decline with age (9, 10) , the populations in those reports have been older than the healthy, active middle-aged subjects in this study in which only one subject was over 60 yr old and 10 of the 14 "older" subjects were < 50 yr old. The older subjects were slightly heavier than the younger subjects. It is conceivable that mild obesity contributed, in part, to the decline in IGF-I levels seen in the older group since body mass index and percentage of ideal body weight have been shown to correlate negatively with IGF-I levels in males, although a similar effect is not seen in females (10) . In contrast, basal insulin and C-peptide levels were higher in the middle-aged subjects, suggesting that insulin secretion was increased in this group. In keeping with the increased insulin levels, the response ofglucose uptake to insulin was somewhat impaired in the older subjects; however, we could not detect any differences in the metabolic response of the more insulin-sensitive fuels-fat and protein. Thus our data are consistent with the idea that IGF-I and insulin, both anabolic hormones, undergo changes in circulating concentrations as well as metabolic effectiveness during even the early stages of aging: IGF-I's metabolic actions are normal, but circulating concentrations are reduced while insulin's metabolic effects are impaired but this is compensated for by increased insulin secretion. The net metabolic result is a relatively greater deficiency of IGF-I than insulin which may lead to the changes in body composition that are seen during aging.
